(Received 1 January 1957)
A fluorimetric method for the estimation of adrenaline and noradrenaline, based on a condensation with ethylenediamine, was applied to the analysis of plasma by Weil-Malherbe & Bone (1952, 1953) . The concentrations found with this method were closer to those expected on theoretical grounds than many found by previous investigators. The validity of the method for plasma was supported by the following observations: the reacting material was removed by amine oxidase at the same rate as adrenaline (WeilMalherbe & Bone, 1952) and separated by paper chromatography into two components with the same Rp values and yielding derivatives with the same fluorescent properties as adrenaline and noradrenaline (Weil-Malherbe & Bone, 1954a) ; also, the ethylenediamine (ED) method and the fluorimetric method of Lund (1950) yielded very similar results (Bone, 1953; Bone, 1954b; Weil-Malherbe, 1955b) .
The level of the reacting material in plasma was studied under different conditions, and swift and often dramatic changes were observed, such as might be expected of adrenaline. Thus adrenaline estimates dropped after the injection of a barbiturate and rose after the induction of a convulsion (Weil-Malherbe, 1955a ; see also Weil-Malherbe, 1955b , for a summary of results). Other investigators who used the method or modifications of it found satisfactory correlations between blood levels of catecholamines and various manifestations of sympathetic activity (Miller & Elliott, 1954; Woods, Richardson, Richardson & Bozeman, 1956; Bollman, Maher & Manger, 1956 ). On the other hand, the abrupt decrease of plasma adrenaline found by us after injection of insulin (Weil-Malherbe & Bone, 1954c) was at variance with many well-established facts. Holzbauer & Vogt (1954) , by biological methods, have since found a rise; they also found a much lower initial level of adrenaline than that indicated by the fluorimetric methods. These findings, and the development of some new techniques mentioned below, have led us to reinvestigate the specificity of the ED method, as applied to plasma.
The earlier plasma analyses, and among them those which showed agreement between the ED method and the method of Lund, were carried out on eluates from a colunm of aluminium oxide, an adsorbent which retains catechols indiscriminately.
Catechol compounds other than adrenaline and noradrenaline form fluorescent compounds with ED; among these, 3:4-dihydroxyphenylacetic acid and 3-hydroxytyramine are present in relatively large amounts in urine (Euler, Euler & Floding, 1955; Holtz, Credner & Koepp, 1942; Euler, Hamberg & Hellner, 1951) . They are not estimated by those fluorimetric methods which depend on the formation of 3:5:6-trihydroxyindoles (THI; Lund, 1950; Euler & Floding, 1955a) . A method has been developed in which 3:4-dihydroxyphenylacetic acid and possibly other neutral and acid catechols are removed from urinary alumina eluates by cation exchange (Weil-Malherbe & Bone, 1957) . Two types of resin were employed: (1) Zeo-Karb 225, a strongly acidic resin, retains amino acids as well as amines; these two classes of compounds can be separated satisfactorily by paper electrophoresis. By a combination of exchange on Zeo-Karb 225 with paper electrophoresis the occurrence of 3:4-dihydroxyphenylalanine (dopa) in a phaeochromocytoma has recently been demonstrated ). (2) Amberlite IRC-50, a weakly acidic resin which retains amines only. It was of interest to apply these methods of purification to plasma.
Since hydroxytyramine forms a fluorescent derivative in the ED but not in the THI method, it is possible to analyse a mixture of adrenaline, noradrenaline and hydroxytyramine by a combination of both methods (Weil-Malherbe & Bone, 1957) . In the present experiments therefore both methods were used on most samples. If the estimates for adrenaline and noradrenaline agree, the absence of hydroxytyramine may be inferred.
In our earlier paper-chromatographic experiments (Weil-Malherbe & Bone, 1954a) (Bone, 1953) . Each column was prepared, washed and eluted as previously described (Weil-Malherbe & Bone, 1952 (1957) . When the volume of the eluate from the alumina coluimns was 50 ml. or less, one Zeo-Karb column was used; otherwise the eluate was divided between two columns. Each column was washed with 150 ml. of 0-2M-acetic acid and eluted with 50 ml. of 0-2M-BaCl2 (Weil-Malherbe & Bone, 1957 acetone solution was concentrated to 1 ml.; for bioassay or electrophoresis it was evaporated to dryness and the residue was dissolved in 1 ml. of 0-01 N-HCl. This procedure was time-consuming and often entailed considerable losses. Moreover, its application to eluates from Amberlite columns was complicated by a large inorganic residue after evaporation. The following procedure was therefore adopted for these eluates and also for ZeoKarb eluates obtained in some of the later experiments: 0-1 vol. of 1% (w/v) EDTA and 0-02 vol. of a freshly prepared 2 % (w/v) solution of ascorbic acid were added to the eluate and its pH was adjusted to 8-4. It was then filtered through a column of 0-7 g. of alumina. The column was washed as usual and eluted with 5 ml. of 0-1N-H2804 followed by 5 ml. of water. A volume of 0-3N-Ba(OH)2 was added to the eluate to pH 3. After removal of the precipitate the solution was evaporated almost to dryness and the residue twice treated with acetone as described above.
Paper chromatography One-dimensional chromatography was carried out on strips (48 cm. x 8 cm.) of Whatman paper no. 1, pretreated as described (Weil-Malherbe & Bone, 1954a) . Two solvent systems were used: (1) n-butanol-acetic acid-water (4:1: 5), organic phase (descending technique; approximate RF values: noradrenaline, 0-28; adrenaline, 0-31; hydroxytyramine, 0-38); (2) Phenol was distilled over aluminium turnings imnmediately before use (Draper & Pollard, 1949) .
The acetone solution of the plasma extract, which was made up to exactly 1 ml., was divided into three parts: 0-2 ml. was pipetted into 9-8 ml. of 0-01 N-HCI for fluorimetric analysis, 0-4 ml. was transferred to a paper strip in a line about 4 cm. long and the final 0-4 ml. was mixed with 0-1 ml. of an aqueous solution containing 1 fg. of adrenaline and 4 ,ug. of noradrenaline. This was transferred to a second paper strip and served as an internal standard. A paper blank and a guide strip were also included. The chromatograms were run at room temperature for 16 hr. Phenol chromatograms were washed in three changes of benzene purified by extraction with cone. H2SO4 and distillation.
The guide strip was sprayed with a mixture of ethylenediamine-10% (w/v) aq. NH3 soln. (2:8) and dried in air.
Catecholamines appeared as yellow fluorescent spots in u.v. light. The fluorescent zones were marked with pencil and transverse lines were drawn so as to effect optimum separation. The other three strips were cut across along superimposed lines. These sections, and others cut from the remaining areas of the papers, were extracted overnight with 10 ml. of 0-01 N-HCI and the extracts analysed by the two fluorimetric methods. Extracts of phenol chromatograms were shaken three times with freshly distilled, peroxide-free ether before analysis, to remove the last traces of phenol. The paper blanks were free from fluorescence.
Paper electrophoresis An aq. plasma concentrate of 1 ml. was divided into three portions as for paper chromatography. A sample of 0-4 ml. and another one to which adrenaline and noradrenaline ha(d been added were each applied, near the anode, to a strip. (34 cm. x 6 cm.) of Whatman 3MM paper, pretreated in the same way as the paper used for chromatography. The EEL paper-electrophoresis apparatus (Evans Electroselenium Ltd., Harlow, Essex) was used, with 0 04M-sodium acetate buffer, pH 5'6, and a potential gradient of about l0v/cm. Under these conditions catecholamines migrated 8-10 cm. towards the cathode in 2 hr., while dopa remained near the anode. At the end of this period the paper strips were dried and cut into sections which were extracted and analysed as described above.
Bioassays
These were carried out on rat uterus and rat ascending colon, rhythmically stimulated with acetylcholine (Gaddum, 1950) . The samples tested (0-05-0-1 ml.) were taken from aqueous concentrates of 1-5 ml.; sometimes they had to be diluted further.
Fluorimetric analysis
Samples were usually diluted to 10 ml.; 2 ml. was used for the ED method (Weil-Malherbe & Bone, 1952 , 1953 and three portions each of 2 ml. for the THI method (Euler & Floding, 1955a) . Details of the procedure followed for the THI method and recent modifications ofthe fluorimeter have been described by Weil-Malherbe & Bone (1957 Fisher's z-transformation (1944) and some were found to be significant; thus the correlation between the results ofthe two methods appears to be stronger in the experiments with bovine than in those with human blood. This may be merely a consequence of the larger number of figures available for the former; or it may be due to the higher and more widely scattered concentrations of adrenaline and noradrenaline in bovine plasma.
Paper electrophoresMi
Two experiments were carried out with extracts of ox plasma which had been passed through ZeoKarb 225 and which would have contained dopa, if it had been present in plasma. The results were similar in both experiments and one of them is shown in Fig. 1 Paper chromatography Table 4 shows the percentages of adrenaline and noradrenaline recovered after paper chromatography. These experiments were performed after purification by Amberlite IRC-50. Recoveries were similar for the preformed material and for internal standards and the correlation between the estimates obtained by the two fluorimetric methods was maintained after separation of the amines. These 
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facts are illustrated in greater detail in Figs. 2 and 3 , which show examples of butanol and phenol chromatograms of extracts of human plasma. The figures clearly demonstrate the similarity in distribution of adrenaline and noradrenaline in the samples with and without added amines. The agreement ofresults obtained on fractions separated by paper chromatography by both fluorimetric methods is further confirmed by five estimations of bovine-plasma extracts passed over Zeo-Karb 225; the means for adrenaline and noradrenaline (,mg./ strip) were 140 and 567 for the ED method and 184 and 483 for the THI method. No evidence of hydroxytyramine was found. Its presence would have produced higher catecholamine estimates in the sample analysed by the ED method than in that analysed by the THI method; its position would have been in front of adrenaline in butanol chromatograms and just behind adrenaline in phenol chromatograms. The absence ofsignificant amounts of hydroxytyramine, of course, had to be inferred from the similarity of the results obtained, even in crude extracts, with the ED and THI methods.
Bioa88ay8 Each preparation of rat uterus and rat colon was tested with plasma extract, with pure standards and with a mixture of both (Table 5) . Addition of plasma extract often decreased the response to the standard solution. A correction for this interference was made by graphical extrapolation; in these cases the figures for both the uncorrected and the corrected response are given. Since it may be assumed that the true response is greater than the uncor- Source of blood Ox Ox rected response and not higher than the corrected response, the figures for the uncorrected response are preceded by >, those for the corrected response by <. Very little interference was observed in the later experiments, probably because of a more thorough removal of salts.
The test for noradrenaline with rat colon is much less sensitive than the test for adrenaline with rat uterus, and the concentrations of noradrenaline indicated fluorimetrically were on the borderline of sensitivity. No definite conclusions can therefore be drawn from the results of this test. On the other hand, there was, according to the fluorimetric analysis, sufficient adrenaline to be detected without difficulty, yet satisfactory agreement was found only in Expt. 4 (Table 5 ); in Expt. 3 the bioassay was about 50 % of the fluorimetric assay. In all other experiments, whether with bovine or human blood, the biological activity was either nil or corresponded at the most to 10 % of the fluorimetric value.
Fluorimetric estimation indicated a fairly high adrenaline and noradrenaline concentration in the plasma of Expt. 4, and it may be argued that the relatively high biological activity in this case was due to a discharge of adrenal amines at the time of blood collection; however, very little biological activity was found in Expt. 6, where even higher concentrations were found fluorimetrically, and also in other samples of ox blood where the fluorimetric adrenaline estimate was much above the level found in the blood of resting human beings and where therefore a similar discharge might have been postulated. DISCUSSION It has sometimes been assumed that all catechol compounds form fluorescent derivatives with ED and that the THI method is specific for compounds capable of indole-ring closure and, in addition, possessing a f-hydroxyl group in the side chain. Both assumptions are oversimplifications. It has already been mentioned that, in terms of adrenaline fluorescence, dopa gives higher readings in the THI than in the ED method. Another such compound is adrenalone: its fluorescence in the ED method corresponds to about 0-6 % of that of an equivalent amount of adrenaline (read with yellow filter), whereas in the THI method the proportion is 4 %. (Bone, 1953; Weil-Malherbe & Bone, 1954b; Weil-Malherbe, 1955b) Bone, 1954b) may account for the absence of biological activity in circulating blood or in platelet-rich plasma. It may, incidentally, also account for a low level of plasma catecholamines found by some investigators with the ED method; these, presumably, used more intensive centrifuging for the separation of plasma. It cannot, however, account for the absence of biological activity in purified extracts since a platelet suspension is stripped of bound catecholamines when it is passed through a column of alumina.
If racemization had occurred, e.g. through a catalytic effect of cation-exchange resins, biological activity should have corresponded to at least 50 % of the fluorimetric assay, but it was often 10 % or less.
In most biological tests normal responses were obtained with internal standards; there was therefore no obvious interference or technical flaw. It may be mentioned, however, that we also compared biological activity and fluorimetric assay in extracts of urine (Weil-Malherbe & Bone, 1957 One other improbable explanation is that the substance in plasma is the optical isomer of Ladrenaline. Imaizumi and co-workers Imaizumi, Kawamoto, Kita & Sato, 1952; Imaizurni et al. 1954 ) described an enzyme in rabbit plasma which reversibly oxidizes L-adrenaline to adrenalone in the presence of diphosphopyridine nucleotide, and which they called adrenaline dehydrogenase. Such an enzyme may be expected to possess stereospecificity and might be useful for investigating the steric configuration of the substances present in plasma. So far we have not succeeded in confirming the claims of the Japanese authors. We have searched for this enzyme in rabbit and human plasma, and in extracts ofrat liver, heart, spleen and brain. The experiments were done anaerobically to prevent any activity of amine oxidase; adrenaline was incubated with a large excess of diphosphopyridine nucleotide, but no disappearance was found by fluorimetric measurement. These experiments are being continued. SUMMARY 1. Catechol compounds were extracted from bovine and human plasma by passage through columns of alumina and elution with dilute acid. The eluates were separated into basic and non-basic fractions by passage through cation-exchange resins. The purified basic fraction was studied by paper chromatography, paper electrophoresis or bioassay. At every stage of the procedure samples were analysed by two fluorimetric methods.
2. The basic fraction accounted for the catechol compounds present in the alumina eluates. Acid catechols, neutral catechols and 3:4-dihydroxyphenylalanine therefore do not occur in plasma. The estimates of adrenaline and noradrenaline obtained by direct fluorimetric assay agreed with the amounts recovered from the expected positions on paper after electrophoresis and after chromatography in two different solvent systems. There was no evidence for the presence of 3-hydroxytyramine.
3. If adrenaline and noradrenaline are the only catechol compounds in plasma the two fluorimetric methods used should yield identical results. A high degree of correlation was indeed found consistently at every stage of the procedure, including the paper chromatographic separation of fractions.
4. Bioassays of noradrenaline with rat ascending colon were inconclusive since the concentrations, which according to the fluorimetric analysis were available, were on the borderline of the sensitivity of the test. Little biological activity was found in tests for adrenaline with rat uterus in spite of chemical evidence for the presence of adrenaline.
5. Possible reasons for this discrepancy are discussed.
